Abstract-The ATLAS Zero Degree Calorimeter (ZDC) at the Large Hadron Collider (LHC) is a set of two sampling calorimeter modules symmetrically located at 140m from the ATLAS interaction point. The ZDC covers a pseudorapidity range of |η| > 8.3 and it is both longitudinally and transversely segmented, thus providing energy and position information of the incident particles. The ZDC is installed between the two LHC beam pipes, in a configuration such that only the neutral particles produced at the interaction region can reach this calorimeter. The ZDC uses Tungsten plates as absorber material and quartz rods interspersed in the absorber as active media. The energetic charged particles crossing the quartz rods produce Cherenkov light, which is then detected by photomultipliers and sent to the front end electronics for processing, in a total of 120 individual electronic channels. The Tungsten plates and quartz rods are arranged in a way to segment the calorimeters in four longitudinal sections. The first section (the one closer to the interaction point) acts as an electromagnetic calorimeter (32X 0 ) while the remaining three act as a hadronic calorimeter (1.2λ each). Both ZDC arms have the first hadronic module transversely segmented in 24 channels and, in one of the arms, the electromagnetic module is transversely segmented in 64 channels for position information of the incident particles. Each ZDC module individually provides energy and trigger information using a dedicated set of quartz rods that are grouped together and connected to a photomultiplier tube. The ZDC is specially important in heavy ion physics, providing trigger and energy measurements of the spectator neutrons dissociated from the colliding nuclei. In fact, this is the only trigger available for ultra-peripheral interactions where very little activity is present at central rapidities. Besides its role in the heavy ions physics program, the ZDC can also be used to measure the forward neutral particle production in low luminosity proton-proton runs.
DETECTOR CONSTRUCTION AND OPERATION
The ATLAS Zero Degree Calorimeter [1] , [2] plays an important role in the heavy ion physics program at the LHC [3] . In heavy ion collisions, there is a significant probability that at least one neutron will be detached from the nuclei and continue to travel forward with the beam momentum, even for semi-central collisions between the ions. Placing two calorimeters symmetrically located relative to the interaction point and using the coincidence between these two arms is one of main heavy ion triggers in ATLAS. In ultra-peripheral collisions, where almost no activity is present at central rapidities the ZDC is the only available trigger. Figure 1 shows a plan view of the ZDC position relative to the collider beam elements and central ATLAS detector. Only neutral particles (stable or from decays) can reach the ZDC at this position. The ZDC is housed inside an iron-copper structure (TAN) of the LHC (Figure 2 ), placed to protect the cryogenic magnets beyond the pipe transition region from the radiation damage due to the neutral particle flux. The ZDC is a sampling calorimeter that uses Cherenkov light detection produced by the highly energetic charged particles in the shower. The active element is made of quartz rods and the light produced in the rods is detected by photomultipliers (Figure 3) . A design was chosen to provide separate sampling and readout for energy and position, in order to reduce the sampling fluctuation of the shower for energy measurements. Each one of the four sections of the ZDC has 1.2 λ (32 X0) which was made possible by the use of Tungsten as absorber material.
All four modules have groups of 1.5mm quartz rods running perpendicular to the beam and the light from these fibers is detected by 76mm photomultiplier tubes. This signal is used for the measurement of the energy deposited in the module. The segmented modules utilize 1mm quartz rods running parallel to the beam direction and grouped to form the calorimeter cells for position measurement. The electromagnetic module (side C) has 64 cells while the first hadronic modules have 24 cells on each side (the two other hadronic modules do not deploy a segmented readout), providing a total of 112 segmented cells whose light is detected by 12.5 mm photomultiplier tubes.
At the readout chain, the signal from the ZDC is split into two: one branch is sent to the trigger electronics by low attenuation coaxial cables (eight in total) and the sum of the energy signal in four modules (at each side) is discriminated and sent to the ATLAS Central Trigger Processor (CTP). The other branch follows an amplification path and is sent to the front end electronics for digitization, which is performed by a 40 MHz 10 bit custom digitizer circuit [4] . Further dynamic range is accomplished by splitting this signal into two and applying a high/low gain on each branch before digitization. In one event five digital samples are stored as a representation of the signal on each readout channel. A combined Laser/LED light calibration system allows the verification and debug of the readout chain. 
DETECTOR PERFORMANCE
During the heavy ion runs, when the LHC collides lead nuclei (Pb+Pb), the ZDC provides signal for the ATLAS Level-1 trigger system and information about the energy and position of the neutral particles that reach the ZDC phase space. Since there is no central detector activity in ultra-peripheral collisions (impact parameter 978-1-4799-0534-8/13/$31.00 ©2013 IEEE greater than the sum of the nuclei radii), the ZDC is the only detector capable of triggering in such events. Figure 4 shows a diagram of the ZDC trigger logic. A linear sum of the modules energy signal (from the 76mm photomultipliers) is done separately for each side and is discriminated by a constant fraction discriminator (thus forming the ZDC A and ZDC C trigger signals). A fast coincidence of each of these signals is also performed at the front-end (ZDC A&C), providing to ATLAS CTP three signals for the Level-1 trigger. Figure 5 shows the trigger efficiency turn-on curve for the heavy ion data-taking periods of 2010 and 2011, for one of the trigger signal side (ZDC A) [5] . A gain change of the detector during the 2011 period is responsible for the turn-on curve slope modification.
Figures 6 and 7 show the amplitude signal distribution (obtained by summing the signal of all four calorimeter modules) for the C and A sides of the ATLAS ZDCs for Pb+Pb collisions at √ sNN = 2.76
TeV. The three visible enhancements correspond to one, two, and three-neutron measurements (indicated in the figures), each neutron having 1.38 TeV. These are minimum-bias events and the similarity between the two sides suggests that the modules have well-balanced gains and thresholds. These distributions are particularly interesting for studying ultra-peripheral heavy ion collisions, which proceed The selection of single and mutual neutron production, seen in Figure 8 and 9, ilustrates the performance of the ZDC detectors during the 2010 heavy ion run. Figure 8 presents the correlation between the total energy (sum of the energy of four modules) measured by each side using an OR trigger selection (ZDC A OR ZDC C). That verifies whether the two classes of events have single or mutual neutron emission. Figure 9 shows the correlation plots between the ZDC sides A and C for events for the Level-1 ZDC coincidence trigger (ZDC A AND ZDC C), with an additional requirement of no activity in the central ATLAS detector, with the purpose to observe events with mutual EMD (Electromagnetic Dissociation). From this correlation one observes that in this case the amount of events with ZDC coincidences with large energy is reduced and that mutual EMD events with the emission of at least one neutron emission by both nuclei can be selected (main spot). Figure 10 shows the correlation between the total transverse energy deposited in ATLAS calorimeters (|η| < 4.95) and the amplitude signal from the ATLAS Zero-Degree Calorimeters (|η| > 8.3) for Pb+Pb collisions at √ s N N = 2.76 TeV. The correlation observed corresponds to the interplay between hadronic interactions of the colliding nuclei and Coulomb interactions, in the case of ultra peripheral collisions. For low transverse energy (ET ), the events come primarily from the ultra peripheral collisions through exchange of one or more photons, exciting one or both nuclei, which subsequently de-excite through neutron emission, the neutrons continuing in the forward direction. For these reactions, the number of neutrons impacting the ZDC can be large, e.g., up to several dozen neutrons. In this case, little energy is deposited in the rest of ATLAS. Signals with large ET indicate hadronic interactions of the nuclei, which cause deposits of energy in the rest of ATLAS that can be very large (exceeding 12 TeV in this plot). Peripheral collisions involving hadronic interactions (in distinction to the Coulomb-only interactions) occur at smaller values of ET and these also deposit large numbers of neutrons in the ZDC. This is because most of the nucleons in the nucleus continue to move forward with nearly the same energy as before the collision, as quasi-spectators of the collision. More central hadronic collisions tend to have fewer spectators, leaving little energy in the way of forward-going nuclear fragments, thus the energy deposition in the ZDC decreases as ET increases.
The ZDC was able to provide information about the particle spectra during the periods of low luminosity proton+proton runs of ATLAS. Figure 11 shows the energy distribution as measured by one of the arms of the ZDC (ZDC A) for neutron candidates. The black curve represents events triggered by the ATLAS minimum bias trigger and the red curve represents the events triggered by the corresponding ZDC trigger (ZDC A). A neutron is defined by the longitudinal shower development, i.e. more than 17 GeV deposited in the first hadronic module and more than 13 GeV deposited in the second hadronic module. The low energy distribution (< 500 GeV) seen in the inset of this figure shows the threshold effect of the discriminator. The threshold for full efficiency is approximately 430 GeV. The energy scale for neutrons is obtained though minimization of the width of the neutron spectra and by adjusting the relative gain of the three modules (using simulation data), and then scaling the end point of the final distribution to 3.5 TeV. Figure 12 shows the energy distribution measured by the ZDC side C (the only side with transverse segmentation in the electromagnetic module) for photon candidates in proton+proton collisions at √ s = 7 TeV. Photon candidates are defined using the longitudinal shower development by selecting events with energy deposition only in the first (electromagnetic) module. The energy scale is set using the π 0 mass peak, as described in the next paragraph. The black curve represents all the photon candidates in the minimum bias stream and the red curve represents events triggered by ZDC C trigger signal.
The EM module segmentation (side C) allows for the position determination of the electromagnetic shower center and hence the impact position of the incident photon. By selecting photon candidate events with two distinct spatial energy distributions (clusters) in the segmented EM module it is possible to reconstruct the π 0 invariant mass distribution (Figure 13 and 14) . The fit of a Gaussian distribution function for the signal (peak) and a polynomial function for the background indicates that is possible to reconstruct the π 0 mass with a resolution (σm/m) of 18% using the segmented information from the ZDC electromagnetic module. 
